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\ ABSTRACT

-~ We incorporate the effeccts of material temperature sensitivity and heat
conduction into an infinite band type analysis of shear localization. Full
account is taken of finite gecometry changes, but incrtial effects are neglected. An
encrgy balance is written between homogencously deforming bands in a manner
that modcls conditions in our rccent finite eclement study of shear band
development from internal inhomogencitics in a solid subject to plane strain
comprcssion. The band analysis requires specification of an imperfection
amplitude and a length scale over which heat conduction cffects are significant.
These are chosen to match results of a finite clement analysis. The predictions of
the simple band analysis and the results of full finite clement calculations are
then compared for a wide range of material propertics for both isotropic and
kinematic hardening characterizations of the flow potential surface. The predicted
depcndence of the onset of localization on material properties such as strain
hardening and strain rate sensitivity is the same for both types of analysis. i-.

T e e e T e et L e A e Lt e e T e e et et T T e e e e T e e e e et T et e e e e
A RIS I S SN T R N Al TR SN et A PR A I I WA S N A Sy S Al ST WA Ry

K] - et e R L

‘A a"A"a'sTata



3 st o - A i g i SR i i i i P JreuconsiCad sl o " -

1. INTRODUCTION

Shear bands frequently accompany the large plastic straining of materials.
The large localized strains in a shear band often precipitate fracture. When
shecar bands do not lead to fracture thc localized shearing greatly affects
subscquent plastic deformation. Hence, shear bands have a dual significance:
as a precursor to fracture and as a mecchanism for large strain plastic
deformation. In mctals subject to high rates of loading, shear bands can form
as the result of a thcrmomechanical instability. The same mctal may also
undergo shear localization at very low strain ratcs, where thermal effects are
ncgligible, with some other mechanism causing the localization.

In this paper, we present a mcthod for predicting the onsct of shear
localization in rate and tempcrature dcpendent solids. Localization is
rcgarded as an instability which develops as the result of the growth of an
initial inhomogencity in a narrow plane (thc impcrfection band) of an
otherwise homogencous material. We carry out our analysis withi a
framcwork that regards localization as a material instability (Hill [1], Thomas
[2], Mandecl [3], Ricc [4]), which has becen used to analyze the influence of a
varicty of constitutive features on localization, e¢.g. Rice [4), Hill and
Hutchinson [5], and. Ncedleman and Rice [6] The general framework for
imperfection-based localization studics for time independent solids has been
presented by Rice [4]), which follows the shecar band bifurcation mecthodology
inhcrent in Marciniak and Kuczynski's [7] analysis of localized nccking in thin

sheets. Studics of localization along these lines have been carried out by

Hutchinson and Tvergaard [8] and Saje, Pan and Nccdleman [9]. The cffects
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of material strain rate scnsitivity have been included by Pan, Saje and

Ncedleman [10].

: The present analysis for localization builds upon the existing framework for ._:-_:'_
N

\ ratc dcpendent solids in [10] by incorporating tcmpceraturc sensitivity into the ..
formulation. Attention is focused on thc response in the imperfection band and o

3 in a thin strip of matcrial at a characteristic distance from it. The conditions ~

under which a highly localized pattern of deformation in the imperfection band

can emerge rclative to an imposed homogencous deformation in the material strip -

arc sought. : :

' The onsct of localization depends critically on the details of the assumed P
\ e
X constitutive law. It is well known that yicld surface curvature plays an bl
important role in the localization process. The classical clastic-plastic solid with a :'.:j-
smooth yicld surface is quite rcsistant to localization, Rudnicki and Rice [l1].
. However, for a kincmatically hardening solid with a smooth yicld surface,
localization is possible at achicvable strain levels in the thrce-dimensional shear .

. localization context, Hutchinson and Tvergaard [8]. This effcct has also been :
l‘ obscrved in the planc stress sheet necking context, Tvergaard [12] and Needleman ::::;:.
and Tvergaard [13]. e

Analyses arc performed using a viscoplasticity thcory which, in the rate

indcpendent limit, corresponds to J5 flow thcory with combincd isotropic and .;-:

kincmatic hardcning: The formulation incorporates the effccts of thermal ;ﬁ":

) softcning, strain hardening, strain rate scnsitivity and hcat conduction. The
. momentum  and cnergy balance cquations are coupled via the temperature 'Q’:?-
8 dependent flow stress and the internal heat gencration resulting from plastic ,
. 2
. dcformation, and arc solved simultancously. ;:::_
) Full account is taken of finitc gcomctry changes, but incrtial cffccts arc :‘:;
neglected. Attention is conlincd to a range of strain rates, from say 10°3 scc! to \
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y 103 scc'l, where material rate sensitivity is the main time c¢ffect and higher strain

rates where incrtial cffects play an important role are excluded from

consideration. 2
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2. CONDITION FOR LOCALIZATION

An infinitc planar solid which contains a thin planar imperfection band is
shown in Fig. 1. The imperfection band is denoted by the region labelled 'b',and a
thin strip of the surrounding material located at a distance 2 from the imperfection
band is labelled 's’.  The unit normal vector to both the imperfection band and the
matcrial strip, denoted by v, is initially oriented at an angle ¥y from the compression
axis. The width of both rcgions is denoted by w, and is assumed to be sufficiently
small so that the propertics and ficlds in them may be considered to be homogencous.
Matcrial propertics and ficld quantitics in these regions are identified with a
superscript or subscript 'b' or 's'.

The reference configuration for the Lagrangian formulation corresponds to
the initial unstresscd statc with the material points identified by the Cartesian
coordinates xi. In the current deformed state, the material points arc at xi + ui
where ulare the displacement components, and F = T + 3u/3x.

The solid is deformed quasi-statically to give the deformation rate FS in the
matcrial strip. As a result of the initial impecrfection, the current valuc of the
ficld quantitics inside thc impcrfection band will gencrally differ from those
outside it. The conditions of compatability, equilibrium and balance of cnergy

must be satisficd.

The rcquircment of continuity of the velocity ficld takes the form (Rice

[4]) .
Fij = FU + di Vj 2.1)

where (7) denotes the material time derivative and v is the unit normal to the
impcerfection band in the undcformed state. The tensor q represents the
currcnt deformation non-uniformity which has accumulated as a result of the

initial imperfection.
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The condition of incremental cquilibrium betwecen the two regions

recquires that
-ij -ij
(ny -ng)v; = 0 (2.2)

where n'J arc the contravariant components of the nominal stress tensor. It is

assumecd that thc stress rate in (2.2) is cxpressible in the form
n? o= kikE g, 4 Al (2.3)
The moduli KiJK! and Al arc rate and temperaturc dependent.
Combining (2.1) through (2.3) yiclds
ijk2 . ijke ijke -s -1j -]
Ky  Vvijva; = (K - Ky ) Fgpvy + (AS -Ap) vy, (24)
which is the cvolution cquation for q.
Hcat conduction cffccts arc modelled assuming that the time rate of
change of encrgy in the imperfection band duc to conduction is proportional
to the tcmperature gradicnt (Ty - Tg)/2.  Accordingly, encrgy balance between

the two regions recsults in evolution equations for Tg and Ty, given by

. k s P

PCp wTg = T (Ty-Tg) + Xxw T dg 2.5)
. 2k b p

PCp wTy = - T(Tb'Ts) +XWT 1 dy . (2.6)

In the cquations above, p is the mass density, p is thc specific heat at constant
pressure, k is the thermal conductivity, T is the Kirchhoff stress tensor, and dP is
the plastic part of the rate of deformation tensor d, which is the symmetric part
of F F I, Hcat flowing out of thc imperfcction band (lows to cither side of it;

hence the factor of two in (2.6). The fraction of plastic strcss work which is
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converted to heat is denoted by X, and is typically in the range of 0.85 to 0.95 for
ductile mctals (Taylor and Quinncy [14]).

The heat transfer condition incorporated in (2.5) and (2.6) is taken to
model the behavior in our recent finite clement study of shear localization [15]
from a doubly periodic array of internal inhomogeneitics. In those
calculations heat conduction was accounted for within each cell surrounding an
inhomogcneity, but there was no heat flux across ccll boundaries.

In a planar analysis, (2.4) through (2.6) constitute a system of four
differential cquations which govern the statc of the system. Localization occurs
when one of the componcnts of the rate of dcformation tensor within the
imperfection band becomes infinite.  In the rate independent limit, A = 0, and
localization occurs when the determinant of (Kli)j ‘ V;Vi) vanishes (Rice [4]).

Two dimcnsionless groups characterize the thermal response,

- k X 9
E = —m n = . 2.7
Py wilé, pcpT0

Here, é,, is a reference strain rate, To is a reference temperature, and o, is a
reference  stress. Uniform tecmperature bechavior results as § approaches
infinity, and adiabatic conditions are obtained as ¥ approaches zcro. The
charactcristic length (k/pcp én)% governs the extent over which the cffects of
hecat conduction arc significant. We notc that thc lcngth scale (wn)% entering
the dcfinition of n<')n-dimcnsional paramcter § is diffcrent from the length
scale used to definc a similar non-dimensional paramectcer in our finite element

study of shcar localization in [15]. The ratc of intcrnal heat dissipation is

controlled by the paramcter n.
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A
: 3. CONSTITUTIVE RELATIONS '_;:.:
&,
( The flow potential surfaces are taken to be concentric cylinders centered :,?-
about a strcss statc a in stress space. The radius of the flow potential surface f?
y is denoted by op and is given by E:‘
3 - —y% A,.n'i
Op = [? :S] (3.1) »
. where §= S-a The tensor S is the Kirchhoff stress deviator, given by :._—
3 S=71-1/3tr: I, where I is. the identity tensor. Here, the kincematic and :::".
: isotropic hardcning plastic flow rules are based on Kirchhoff stress rather than on \
Cauchy stress. As long as clastic strains remain small, there is little differcence
between the two formulations. ,f
- The rate of deformation tensor is expressed as the sum of eclastic and {:Z-j
: plastic parts by
. =3
d = d°+d . (3.2) _
The clastic part is given by \
: a€ = L4 (3.3) :
where 4 is the Jaumann rate of Kirchhoff stress and L is a fourth order \
tensor represcnting the clastic stiffness of the material. The plastic part of .'
the ratc of dcformation tensor is given by .

PN L (3.4)

20;

Here, € is specificd by the power law relation

k - 1/m N

) Op
‘o [[I-B(T-TO)]h(E)] (3.5)

Py c‘.." o
) .
Wi tele e
o .

' where € is a reference strain rate, T0 is a reference temperature, m is the strain

e

Vo

ratc hardening cxponent and B specifics the thermal softening characteristics of
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the material. This assumed lincar temperature dcpendence is representative of

3 carbon stcels in the range O - 500°C, e.g. Staker [16], although at elevated
temperaturcs the flow stress is generally a non-lincar function of temperature.

Wec cmploy combined isotropic and kinematic hardening, Goel and Malvern

[17], with h(€) and the evolution cquation for « given by

h(8) = X ol + €/eg]N + (1-3) o (3.6)
. ) A
& = 3 (- a° (3.7)
where € m % -
b = [—] [t - B(T-To)] N— I+ ?/eo] (3.8)
g éy €g
“ Here, o, is a rcference stress, € is a reference strain, N is the strain hardening

cxponcnt and X is a constant ranging bectween zero and unity, Purcly isotropic
hurdcning corrcsponds to ) = 1, while purcly kinematic hardening is given by

. » = 0. The cvolution equation for b, (3.8), is taken so that at constant strain rate

~ and tcmperature, the responsc for proportional loading is independent of whether
4 the change in [low potential surface is dcescribed by isotropic hardening or by
U kincmatic hardening, scc Ncedleman and Tvergaard [13].

An cxpression for the Jaumann ratc of Kirchhoff stress is obtained in
E terms of rate quantitics by combining (3.2) through (3.4),
: 3¢ -

¢ =L:d- L:S (3.9)

, 2 op

Although therc is no cxplicit yiclding in this formulation, for small m there

is an cffective yicld point in that plastic strain rates arc very small when the
'

’ numecrator is less than the denominator in (3.5).
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4. FINITE ELEMENT IMPLEMENTATION

4.1 Ratc Tangent Modulus

In order to incrcasc the stable step size over that of an explicit Euler time
intcgration scheme, Peirce ct al. [18] employ a formulation which results in a
tangent modulus type mcthod for solving the governing rate cquations. The
mcthod is explicit in that no itcrations are required. In this method the effective
uniaxial plastic strain rate € within an increment is expressed as a linecar

combination of its ratcs at times t and t + At by

€ = (1-0)¢ + 06 (4.1)
where 8 is a paramecter ranging from zero to unity. The plastic strain ratc at time

t + At is approximated by

- - [ae‘ _ | - a?| T]m 2
€ = €+ | —| 6p + == — . .
t+At t dogl F del, €+8T .

An cxpression for &p is obtained by diffcrentiating (3.1) and using (3.7) and (3.9),

3 py -
(JF = — L:S :d-[3G +(1 - \)b]e (4.3)
2oF

where G is the clastic shear modulus and b is given by (3.8).

Combining (4.1) through (4.3) and solving for 3 yiclds

- 34 g

e=b+—qL:S:d (4.4)
20F

where N
) €t [1 8BAt "i'] 4s
D L Tmn-B(T- Ty (4.5)
' 0ALE,

f e — 4

q D m o, (4.6)
BME mG+(-nb A % o

D =1+ [ +— N — (1+€/¢,) ] .4

m fo} h €

F
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Substitution of (4.4) into the expression for the Jaumann rate of Kirchhoff

stress given by (3.9) results in

£} B
2 = cCc:d- ZOFL'S (4.8)
where 3 - —
C=L-[——]zq(L:S)(L:S) (4.9)
20F

The expression for 2 given by (4.8) may be used to compute the stress rates ‘tij
nceded for the computation of the moduli Kik? 5 (2.4). The dctails of this

computation arc given by Needleman [19].

o ¥

4.2 Solution of thc Couplcd Systcm

et i)

Equations (2.4) through (2.6) constitutc a couplcd system of four differential
equations which may be solved to obtain the state of the systecm at time t + At

These equations may be effcctively uncoupled by introducing an estimate for the

v v,

temperaturc rates at time t + 6At, say T: and 'i‘;, into (2.4). This is accomplished
by expressing T as a quadratic function of timec based on its values at the
previous thrce points in time¢ at which the solution has bcen obtained, and
extrapolating to obtain 'i'c.

Following the computation of the q; using (2.4), the deformation gradicnt

v .,
st

-b
rate F;; is computed from (2.1). Then the deformation gradient, stresses and

internal variables in the impcrfection band and the material strip are updated
using a simple lincar incremental updating scheme. Next, the heat generation rate
xT : dP is computed in both rcgions, and their temperaturcs arc calculated from
(2.5) and (2.6). The stcpsize is reduced if the computed and the estimated
tempceraturc rates differ by morc than an allowable tolerance.

When the solution of the coupled system at time t + At has been completed,
this solution beccomes the ncw currcent state. The procedure is then repeated to

obtain the solution for the next increment.
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5. NUMERICAL RESULTS

The material propertiecs used in the calculations arc chosen to be
representative of a 4340 stcel studied experimentally by Hartley [20], and arc
identical to thosc uscd in the full two-dimcnsional finite clement calculations
of shcar banding by LcMonds and Needleman ([15). These propertics arc
specificd by o, = 1250 MPa, E = 200,000 MPa, v = 0.30, ¢, = 0.003, N = 0.08,
m = 001, ¢ = 0.001 sec™!, p = 7833 kg/m3, ¢, = 465 J/kg°C, k = 54 W/m°C
(in the analyses involving hcaf conduction), 8 = 0.0016 pcr °C, and T, = 20°C.
These values comprise a reference sct of material properties which are used
for comparison of critical strain prcdictions of the flow localization analysis to
the critical strains obtained from the finite clement calculations in [15]
Non-dimensional paramecters which depend on o, arc 0,/E = 0.00625 and
n = 11714. The initial undcformed statc is stress free and at a uniform
temperature specificd by T,

The imperfection is prescribed by specifying a value for the initial flow
stress in the imperfection band which is slightly different from that in the
surrounding matcrial. Wc¢ define a measure of the amplitude of the
imperfcction with the paramcter f = og/cf). Valucs of f less than unity are
considered, implying that the material in the imperfection band is initially
softer than thc surrounding matecrial.

The solid is compressed under conditions of planc strain at a constant
nominal strain ratc é,, with the compression axis parallcl to the x2 axis. This
dcformation is obtained by prescribing I'-‘gz = é,F3,, f-‘-";z = 1531 = 0, and A}, = 0.
The strcss ratc boundary condition may be used in conjunction with (2.3) to
obtain
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4 The sensitivity of the critical strain to the imperfection strength f is shown :‘_f.:
E in Fig. 2 for an isotropically hardcning material deforming under adiabatic rad
, conditions with é,/é, = 5x10° (€, = 500 scc'l); therefore T = 0 in (2.7) and i‘,}
ol
- » =1 1in (3.6) and (3.7). The paramcter €.r denotes the critical strain, which is ::-1.
thc lowest value of the localization strain for all possible initial orientations of “:"g
o the imperfection band. The localization strain is the valuc of the maximum \-
Ej principle logarithmic strain in the matcrial strip at the point when ‘;b/‘;s = 10. .;
: The critical strain is very scnsitive to the imperfection strength, i 3
In subscquent calculations, we usc a value of f = 09994 which yields the "
.\..
critical strain e, = 0.150 observed in the finite clement calculation of the
isotropically hardening solid deforming under adiabatic conditions in [15]. ;\'
Although the identification of the initiation of localization in the finite ;_'.;:
'- clement calculations is somcwhat arbitrary, thce strain accumulations in the ':'.i
. LN
{ band become very rapid at the indicated critical strain. The initial oricntation o
: of the band is ¢, = 51.7°, and its oricntation at localization, given by }j:
‘ tand, = (F}tandg/F3)ep s ¥ = 43.1°.  This result agrees well  with
Yer = 42.8° obscrved in the finitc clement calculation. "::.:.'-:
‘ The cffcct of the thermal paramcter T on the localization strain is shown in -‘:'-j:'_
Fig. 3 for a kincmatically hardening solid dcformed at é,/é, = 5x10%.  The
adiabatic and uniform tempcraturce limits can be specificd to within five percent ?:'::

error (rclative to the numecrical results) by T < 0.06 and T > 175, respectively.
The critical strains at thc adiabatic and uniform temperature limits are
€. = 0.170 and 0.873, respectively, with corresponding initial band oricntations t.:;.'Z.-
of ¢, = 52.4° and 76.0°. e
. Finitc clement colculations in [15] for a kinematically hardcning solid with
. hecat conduction cffects were carricd out for é,/¢, = 5x105, 5x104 and 5x103, Q;,::-;.
: which correspond to €, = 500 scc'l, 50 sec! and 5 sccl. In ecach case, ,:-
W
~e
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localization occurred rapidly once a shear band initiated. The paramecter ¢ in
(2.7) characterizes the thermal response of the solid, with T = 0 specifying the
adiabatic limit and ¥ = « spccifying the uniform tempecrature limit. The valuc
of T which results in localization at the critical strains at which the shear bands
formed in the finite clement calculations in [15] is shown in Table 1 for each of
thc normalizcd strain rates considercd. These values of T will be used in
subsequent calculations which includc the effects of heat conduction.

Scveral finite clement caléulations using the numecrical mcthod in [15] have
been carricd out here at € /é, = 5x10° (¢, = 500 scc'l) for kincmatically
hardening solids with matcrial propertics which are significantly diffcrent from
thos¢ used in the previous calculations. The critical strains predicted by the flow
localization analysis agrce quitec well with the strains at which shcar bands
formed in the finite clement calculations, as shown in Table 2.

Figurcs 4 through 7 dcpict €., as a function of the matcrial properties B, N,

cr
m and n, respectively, for a kinematically hardening solid deforming at
én/éo = 5x10° with T = 3.37 in (27). In these figures, the results of the finite
element calculations reported in Table 2 are plotted with the symbol ‘X’. The
agrcement Dbetween the predictions of the flow localization method (using a
constant impcrfection amplitude £ = 0.9994) and the results of the finitc element
analyscs arc quitc good over a range of considcrable variation in the matcrial
propcrtics.

The localization, strain predicted in the temperature independent limit (8 = 0
in (3.5)) in Fig. 4 is finitc, although this is not rcadily apparent from the figurc.
The localization strain in this casc is very high duc to the wecak imperfcction
(f = 0.9994). A stronger imperfection will pecrmit localization at a strain which is
physically plausible. For cxample, €. = 0.50 when f = 0.991. If an isotropic

hardening surface is uscd, then the material is so resistant to localization when
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B = 0 that an impcrfection specified by £ = 0.878 is necessary in order to obtain
€. = 0.50.
The critical strain shown as a function of the strain hardening exponcnt N

(sce (3.6)) in Fig. 5 cxhibits a maximum valuc e = 0.296 at N = 0.22. The

max
matcrial stiffncss and the rate of internal heat gencration both increase with
incrcasing N. Strain hardening tends to stabilize the deformation, while softening
due to incrcased hcating is destabilizing, Clifton [21]. These competing effects
account for the obscrved maxin;um critical strain.

Fig. 8 shows thc dependence of the localization strain on the imperfection
band oricntation for several valucs of the thermal softening paramecter B in (3.5)
for the case of kincmatic hardening with T = 3.37 in (2.7). The solid curvcs
correspond to the initial band orientation, and the dashed curves correspond to the
angle at localization. The imperfection band orientation at localization always
falls below mn/4, which is consistent with the predictions of bifurcation analyses
for plane strain compression, Hutchinson and Tvergaard [8].

The jump in hydrostatic stress across the band interface is shown in
Fig. 9 for several valuecs of the strain hardening cexponent N in (3.7) for a
kincmatically hardening solid deformed at é,/é, = 5x10° with T = 337 in
(2.7). For N > 0.17, thc hydrostatic stress in the impcerfection band is less than
that in the surrounding matcrial throughout thc dcformation history, whercas
for morc lightly hardening materials the jump in hydrostatic stress is ncgative
initially and thcen incrcascs. For the case where N = 0.05, the maximum
principal logarithmic strain is 0.224 insidc the band and 0.167 outside the band
when the increase in the jump in hydrostatic stress takes place. This
suggests the possibility that at large accumulated shear, the hydrostatic stress

in the band may bccome positive even though the nominal stress state is onc

of planc strain compression, This is of interest in rcgard to ductile failure
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mcchanisms since void growth is driven by a positive hydrostatic tcnsion (sce S
Fad

'

. DS ]

c.g. Ricc and Tracey [22], McClintock [23]). 2
e

The cffect of the mixed hardening parameter X in (3.6) and (3.7) on the ::.t
!
LS.
localization strain is shown in Fig. 10 for a solid comprecssed at €n/éy = 5x103 :';-.
L] ‘

\CF.

(€, = 35 scc'l) with T = 25.34 in (2.7). Localization occurs at €cr = 0.554 with e
by = 69.3° for kincmatic hardening, and at e, = 093 with by = 80.3° for ‘:-.-
:?

. . . . . . . . [
isotropic hardcning. The effective stress in shear is lower for the kinematic
o

hardcning surface, and the higher curvature of that surface relative to the
isotropic hardcning surface rcesults in a greater increment in shear strain for a f‘-"_f
given increment in stress. In the finite clement calculation in [15] with isotropic ’:':::
hardcning at this imposcd strain rate, the solid was decformed until € = 0.90 S
without any indication of shcar band formation. :j’.:-
u':':
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: 6. CONCLUSIONS i
a o)
. The results of the present analysis indicate that shear localizaiton in rate and 1
b temperaturc dependent solids is strongly influenced by a varicty of factors. Which _::‘:
v factors arc most influcntial depends on the complete description of the material - its E,:
propertics and constitutive behavior - and the imposed deformation rate. For the .':
é kincmatically hardening solid specified by our refercence sct of material parameters, -'_-.
and dcformed in planc strain compression at €, = 500 scc'l, a five-fold increase in ,
- the localization strain occurs between the adiabatic and uniform temperature limits, ::‘
identifying hcat conduction as the primary stabilizing c¢ffect. The main destabilizing :f__
. factor in this casc is thermally-induced softcning: a physically plausible valuc of the ‘.
thcrmal softening paramcter (B = 0.0016 per °C) permits a relatively weak ::'.j;'
imperfection (f = 0.9994) to result in localization at €., = 0.217. The results also s
. illustrate the cffect of the intcraction of the matcrial propertics. For example, _'
’ whether strain hardening is stabilizing or destabilizing depends on the degree of -
3 thcrmal softening. Furthermore, as strain rates dcecrease, the cffects of thermal o
softening diminish, and the description of the flow potential surface plays a greater :':
. g
o rolc in the localization process. In the analyses with €, = 500 scc'l, the particular :"E
: dcscription of thce combination of isotropic and kincmatic hardcning is only a :'.f-'-_.
secondary effect, altering the localization strain by no more than twenty percent. J
: Using physically plausible values for the imperfection amplitude f and the --‘:.j:]
thermal paramecter T,-the flow localization mcthod yiclds critical strains which arc .
{ in very closc agrcement with the results of the full, two-dimensional finite clement 1
: calculations of shcar banding by LcMonds and Neccdleman [15]. Our present "

calculations illustratec that thc usc of constant valucs of f and T result in

rcasonably accurate critical strain predictions over a fairly bLroad range of

matcrial propertics.
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TABLE ]

Valucs of the non-dimensional thermal paramcter T in (2.7) which result in
localization at the critical strain which marks the point of shear band initiation
in the finite element calculations with kinematic hardening presented in {15]. The
adiabatic limit is specified by T = 0 and the uniform temperature limit is given
by T = «® The imperfection amplitude is f = 0.9994. The valucs of all other

matcrial propertics are specificd in the text.

én/éy ¢c-FEA T

5x10° 0.218 3.37
5x10% 0.335 11.86
5x103 0.537 25.34
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TABLE 2

Critical strain predictions of the flow localization method compared with the
critical strains at which shear bands were obscrved initiated in finitc clement
calculations carricd out here using the analytical method presented in [15].  The
impcrfection amplitude is £ = 0.9994. The values of all other matcerial propertics

arc spccificd in the text.

Paramcter Value 13 Y €.r-FEA
B 0.00105 3.37 0 0.330
B 0.0020 3.37 0 0.168
N 0.20 3.37 0 0.295
N 0.30 3.37 0 0.277
m 0.025 0 1 0.193
m 0.002 3.37 0 0.175
m 0.025 3.37 0 0.283
n 0.75 3.37 0 0.345
n 1.50 3.37 0 0.174
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Fig. 3
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FIGURE CAPTIONS

The imperfection band (b) and strip of surrounding material (s)
scparated by the characteristic length 2. Plane strain comprcssion

2

occurs in the x< dircction.

Localization strain €cp VS the imperfection amplitude f = og/of) for
an isotropically hardcning solid dcformed: at ¢€,/é, = 5x10°
(¢, = 500 scc’!).  The valuc of the Fouricr modulus in (2.7) is T = 0,
which corresponds to thce adiabatic limit. The values of all other

matcrial propertics are specificd in the text.

Localization strain €cr VS the non-dimensional paramecter € in (2.7)
for a kincmatically hardening solid dcformed at é,/é, = 5x10°
(¢, = 500 scc'l), with the imperfection amplitude £ = 0.9994. The

valucz of all other matcrial propertics are specified in the text.

Localization strain €., vs. the thermal softening paramcter B in (3.5)
for a kincmatically hardcning solid dcformed at é /¢, = 5x10°
(¢, = 500 scc'l), with the imperfection amplitude f = 09994 and
T = 3.37 in (2.7). The values of all other material propertics are
spccificd in the text. Points labelled with an 'X' correspond to

results of finitc clement calculations.

Localization strain €. Vs. the strain hardening cxponent N in (3.6) for
a  kincmatically hardening solid dcformed at é,/é, = 5x10°
(¢, = 500 scc'l), with the imperfection amplitude = 09994 and
T = 3.37 in (2.7). The valucs of all other matcrial propcrtics arc
spccificd in the text. Points labelled with an 'X' corrcspond to

results of finitc element calculations.
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Fig. 6 Localization strain €.r Vvs. the strain rate sensitivity exponent m in
(3.5) for a kincmatically hardening solid dcformed at é,/¢, = 5x109
(é, = 500 scc'l), with the imperfection amplitude f = 0.9994 and
T = 3.37 in (2.7). The values of all other material propertics are
specificd in the text. Points labelled with an 'X' correspond to
. results of finite clement calculations.

Fig. 7 Localization strain €, vs. the non-dimensional parameter 7 in

(2.7), which mecasures the magnitude of the rate of internal heat

generation, for a kinematically hardening 'solid deformed at

én/éo = 5x10° (€, = 500 scc'l), with the impcerfection amplitude

f =09994 and T = 3.37 in (2.7). The values of all other

matcrial propertics arc specificd in the text. Points labelled with

an 'X' corrcspond to rcsults of finitec clement calculations.

Fig. 8 Localization strain € vs. the impcrfcction planc orientation angle ¢
(— initial angle, - ~ - angle at localization) for a kincmatically
hardening solid dcformed at é,/é, = 5x10° (€, = 500 scc'l), with

the imperfection amplitude £ = 09994 and § = 3.37 in (2.7). The
valucs of all other material propertics are specified in the text.

v v T ¥ ey v

Fig. 9 Jump in hydrostatic stress across the imperfection band interface,

normalized with respect to % in (3.6), vs. €, the maximum principle
logarithmic strain outside the band. The solid hardens kincmatically
and is dcformed at & /¢, = 5x10° (&, = 500 scc’!), with the
imperfectiopn amplitude f = 09994 and T = 337 in (2.7). The

valucs of all other material propertics are specificd in the text.

Fig. 10 Localization strain €., vs. thc mixcd hardening paramcter X in (3.6)

and (3.7) for a solid dcformed at €,/é, = 5x103 (€, = 5 scc"),

with the imperfection amplitude f = 09994 and T = 25.34 in (2.7).

The valucs of all other material propertics are specified in the text.
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